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hsHeclp, a Homo sapiens coiled-coil-enriched protein, plays an important role in M-phase progression in
mammalian cells. A Saccharomyces cerevisiae protein, identical to Tid3p/Ndc80p and here designated scHeclp,
has similarities in structure and biological function to hsHeclp. Budding yeast cells deleted in the scHEC1/
NDC80 allele are not viable, but this lethal phenotype can be rescued by hsHECI under control of the
endogenous scHECI promoter. At the nonpermissive temperature, significant mitotic delay, chromosomal
missegregation, and decreased viability were observed in yeast cells with temperature-sensitive (ts) alleles of
hsHECI. In the hshecI-113 ts mutant, we found a single-point mutation changing Trp395 to a stop codon,
which resulted in the expression of a C-terminally truncated 45-kDa protein. The binding of this mutated
protein, hshec1-113p, to five identified hsHeclp-associated proteins was unchanged, while its binding to human
SMC1 protein and yeast Smclp was ts. Heclp also interacts with Smc2p, and the binding of the mutated
hshec1-113p to Smc2p was not ts. Overexpression of either hsHECI or scHECI suppressed the lethal pheno-
type of smcI-2 and smc2-6 at nonpermissive temperatures, suggesting that the interactions between Heclp and
Smclp and -2p are biologically significant. These results suggest that Hecl proteins play a critical role in

modulating chromosomal segregation, in part, through their interactions with SMC proteins.

Chromosome segregation during the cell division cycle re-
sults from the cooperation of many complex mechanisms. The
physical segregation of pairs of sister chromatids into two
daughter cells is modulated precisely during M phase. The
ultimate goal of this process is to ensure high-fidelity transmis-
sion of replicated DNA to offspring. Each step during M-phase
progression is coordinated by a group of structural and regu-
latory proteins. Many of these proteins are highly conserved in
all eukaryotes from Saccharomyces cerevisiae to Homo sapiens.

The structural proteins required for the reorganization of
chromosomes after replication have been identified and found
to be essential for chromosome segregation. During this chro-
mosomal reorganization process, linkage of duplicated DNA
molecules, termed sister chromatid cohesion, is established,
and paired sister chromatids undergo condensation. Sister
chromatid cohesion and chromosome condensation are re-
quired for proper spindle attachments and chromosome move-
ments. Moreover, the separation of paired chromatids is trig-
gered by the dissolution of sister chromatid cohesion at the
metaphase-anaphase transition. All of these steps must be pre-
cisely regulated to ensure the faithful transmission of chromo-
somes (19, 21, 24, 40, 41, 45, 53, 54, 56-59). A better under-
standing of the structural components involved in these
chromatin reassembly processes has been achieved by the iden-
tification and characterization of the SMC (structural mainte-
nance of chromosomes) protein family. SMC proteins, with
members highly conserved from yeast to human, may be clas-
sified into four major subfamilies, SMC1- to SMC4-type pro-
teins (24, 40, 56). SMC1- and SMC3-type proteins have been
suggested to be essential for sister chromatid cohesion (21, 24,
41, 45, 56). On the other hand, chromosome condensation

* Corresponding author. Mailing address: Department of Molecular
Medicine, Institute of Biotechnology, University of Texas Health Sci-
ence Center San Antonio, 15355 Lambda Dr., San Antonio, TX 78245.
Phone: (210) 567-7351. Fax: (210) 567-7377. E-mail: leew@uthscsa
.edu.

5417

depends on SMC2- and SMC4-type proteins (24, 25, 27, 40, 53,
56, 57).

Proteins associated with kinetochore assembly are also es-
sential for faithful chromosome segregation (33). Kinetochore
proteins are responsible for attachments and movements of
chromosomes along the microtubules of the mitotic spindle.
Besides centromere-binding proteins, the components of mi-
crotubules, spindle pole bodies, microtubule-based motor pro-
teins, and other microtubule-binding proteins are also required
for the proper chromosome movement (2, 31, 42).

The structural dynamics of chromosomes must be coordi-
nated with the cell cycle regulatory machinery to execute the
precise order of mitotic events. Ubquitin-dependent proteoly-
sis appears to be a major regulatory mechanism modulating
M-phase progression as well as other mitotic events. Yeast
genes including CDC16, CDC23, and CDC27, which encode
components of the anaphase-promoting complex (34), and
SUGI1/CIM3 and CIMS5, which encode the 26S proteasome
subunits (4), play pivotal roles in the completion of mitosis (16,
34). The anaphase-promoting complex has been demonstrated
to be essential for the degradation of mitotic cyclins (34, 38).
Moreover, it controls the onset of sister chromatid separation
and the metaphase-anaphase transition by degradation of spe-
cific regulators of chromosome transmission such as Pdslp,
Cut2p, and Aselp (10, 15, 30, 36, 39). cim3 and cim5 mutants
have been shown to arrest yeast cells at G,/M phase, and a
defect in the degradation of mitotic cyclins has also been pro-
posed for these mutants (16).

Through our investigation of the molecular events of mitosis
and the origin of the chromosomal abnormalities observed in
malignant cells, a novel human nuclear protein, hsHeclp, was
previously identified. hsHeclp was originally isolated as a ret-
inoblastoma protein (Rb)-associated protein (13), and it ap-
parently plays an important role in chromosome segregation in
mammalian cells (8). Our studies showed that upon inactiva-
tion of hsHeclp by microinjection of hsHeclp-specific antibod-
ies, chromosome congression is severely disturbed. Moreover,
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TABLE 1. Yeast strains used

Strain Genotype Source
YPH499 MATa ura3-52 lys2-801 ade2-101 trpl1-A63 his3-A200 leu2-Al P. Hieter
YPHS501 MATa/o ura3-52/ura3-52 lys2-801/lys2-801 ade2-101/ade2-101 trp1-A63/trp1-A63 his3-A200/his3-A200 leu2-Al/leu2-A P. Hieter
WHLI101 MATa ura3-52 lys2-801 ade2-101 trpl-A63 his3-A200 leu2-Al scheclA::URA3 hsHEC1 (YCpPA-HSHECI1::TRPI) This study
WHL102 MATa ura3-52 lys2-801 ade2-101 trpl-A63 his3-A200 leu2-Al scheclA:hsHEC1::URA3 This study
WHL103 MATa ura3-52 lys2-801 ade2-101 trp1-A63 his3-A200 leu2-Al scheclA::URA3 scHECI (YCpPA-SCHECI::TRPI) This study
WHL113 MATa ura3-52 lys2-801 ade2-101 trp1-A63 his3-A200 leu2-Al scheclA::URA3 hshecl-113 (YCpPA-hshecl-113::TRPI) This study
WHL1713 MATo ura3-52 lys2-801 ade2-101 trp1-A63 his3-A200 leu2-Al scheclA::hshecl-113::URA3 (CFIII HIS3 SUPI1) This study
YPH1017 MATo ura3-52 lys2-801 ade2-101 trp1-A63 his3-A200 leu2-A1 (CFIII HIS3 SUPII) P. Hieter
WHL9702 MATa/o lys2-801/lys2-801 ura3-52/ura3-52 ade2-101/ade2-101 trpl-A63/trp1-A63 his3-A200/his3-A200 leu2-Al/leu2-Al This study

scheclA::URA3/schecl A::URA3 hsHECI (YcpPA-HSHECI::TRPI) (CFIII HIS3 SUPII)
WHL9713 MATa/o lys2-801/lys2-801 ura3-52/ura3-52 ade2-101/ade2-101 trpl-A63/trpI1-A63 his3-A200/his3-A200 leu2-Al/leu2-Al This study
schec1A::URA3/schecl A::URA3 hshecl-113 (YcpPA-hshecl-113::TRP1) (CFIII HIS3 SUPI1I)
CH2080 MATo lys2-801 ade2-101 trp1-A63 leu2-Al C. Holm
CH2082 MATa lys2-801 ade2-101 trpI-A63 his3-A200 leu2-Al (CFIII TRP1 SUPII) C. Holm
WHL2003 MATa/o lys2-801/lys2-801 ade2-101/ade2-101 leu2-Al/leu2-Al scHEC1/scHEC1 (CFIII TRP1 SUPI1) This study
1-1bAS172 MAT X lys2 his3 leu2 smcl-A2::HIS3 ura3::smcl-2 D. Koshland
2aAS283 MAT X ura3 lys2 ade2 his3 leu2-Al smc2-6 D. Koshland

hsHeclp has been found to interact with a group of proteins
important for G,/M progression (9), including sb1.8, the hu-
man SMCI1 protein (49); p45/Tripl, the S8 subunit of the
human 26S proteasome (4) and the human homolog of S.
cerevisiae Suglp/Cim3p; MSS1, the S7 subunit of the human
26S proteasome (4) and the human homolog of S. cerevisiae
Cim5p; and NEK2, a human homolog of NIMA kinase (14).
Collectively, these results have provided circumstantial evi-
dence suggestive of a role for hsHeclp as a regulator of M-
phase progression.

To elucidate how hsHeclp is involved in M-phase progres-
sion, a functional homolog of hsHeclp was identified in the
budding yeast S. cerevisiae. This protein, previously isolated as
Tid3p/Ndc80p (12, 61) and designated scHeclp here, can be
complemented by hsHeclp. By expressing temperature-sensi-
tive (ts) mutants of human hsHEC! in yeast strains in which
scHECI has been deleted, we demonstrate that Heclp func-
tions in chromosomal segregation, at least in part, through
interactions with SMC proteins.

MATERIALS AND METHODS

Strains, reagents, and media. Yeast strains are described in Table 1. Chemi-
cals and medium components were purchased from Sigma and Difco Laborato-
ries. Standard media were made as described elsewhere (47). S. cerevisiae strains
used in this study were grown in complete medium (YPD; 1% yeast extract, 2%
peptone, 2% dextrose) or in supplemented minimal medium (SMM) lacking
appropriate amino acids. To induce the GALI promoter, yeast cells were grown
at 25°C to log phase in complete medium or SMM containing 2% glucose and
then shifted to the same medium containing 2% galactose. For all the other
purposes, the yeasts were cultured in YPD or SMM containing 2% glucose.
Yeast transformation, plasmid, and genomic DNA isolation have been described
elsewhere (51).

Cloning and disruption of scHECI. The open reading frame (ORF) of
scHECI and its upstream promoter region were amplified by PCR using yeast
genomic DNA isolated from YPH499 as the template. The 2.0-kb DNA fragment
of the coding region was subcloned into pBluescript SK (Stratagene), generating
pBSK-SCHECI. The 500-bp fragment of the promoter region with HindIII-
EcoRI sites, together with a EcoRI/blunt DNA fragment containing the URA3
gene, were inserted into pBSK-SCHECT to replace the 1.5-kb scHECI coding
region between HindIIl and EcoRV, creating plasmid pBSK-SCHKO. The Xhol-
BamHI fragment from pBSK-SCHKO containing the target allele, in which
amino acids (aa) 1 to 549 of the scHECI ORF were replaced by the URA3 gene,
was transformed into diploid strain YPH501 to disrupt the scHECI allele. Ura™
prototrophs were selected, sporulated, and dissected. To confirm the gene dis-
ruption, genotyping by PCR methods with primers outside the targeted region
and primers inside of the URA3 genes were performed.

Replacement of the scHECI gene with hsHEC ¢cDNA. The same strategy was
used to disrupt the scHECT allele in the haploid strain YPH499. To complement
this scHEC1 disruption, YCpLac22 (17) was inserted by using the 500-bp frag-
ment of the scHECI promoter region flanked with EcoRI-BamHI sites at ends;
the 2.0-kb DNA fragment containing the complete ORF of scHECI was inserted

in the BamHI site. Meanwhile, YCpLac22 was inserted by using the same 500-bp
fragment of the scHEC1 promoter but flanked with EcoRI-HindIII sites, and the
2.0-kb hsHECI ¢cDNA (8) was inserted in the HindIII site. The resultant con-
structs (YCpPA-SCHECI1 and YCpPA-HSHEC]I, respectively) with the selec-
tion marker, TRPI, were transformed into YPH499 together with the scHEC!
disruption construct. Trp™ prototrophs were selected and genotyped by PCR to
confirm the gene disruption and replaced into the given haploid strains. To
replace the scHECI ORF with hsHECI ¢cDNA directly on the chromosome,
pBSK-FB was created by insertion of the HindIll fragment of hsHEC! full-
length cDNA driven by the scHECI promoter on plasmid pBSK-SCHKO. The
Kpnl-Notl fragment from pBSK-FB was transformed into YPH499, and Ura*
prototrophs were selected.

2pm or CEN plasmids (pGALI-SCHECI or pGAL1-HSHEC1) with LEU2
selection, containing the GALI-inducible promoter and the same expressing
genes as in YCpPA-SCHECI and YCpPA-HSHECI, or the vector (pGALI1)
containing the GALI promoter alone, were constructed from a modified form of
pGADI10 (Clontech, Palo Alto Calif.) or pOC29 (10). They were transformed
into 1-1bAS172, 2aAS283, or YPH499 in the assay for suppressing the smcI-2 or
smc2-6 mutants.

Generation of conditional mutant alleles of human hsHECI in yeast. The ts
mutant alleles were isolated as described elsewhere (1). The 1.8-kb BarmHI-Sall
fragment of hsHECI cDNA on plasmid YCpPA-HSHECI1 was treated with 1 M
hydroxylamine at 75°C for 90 min to mutate the hsHECI ¢cDNA randomly and
then ligated to the YCpPA-HSHECT vector linearized by BamHI-Sall. Approx-
imately 10° ampicillin-resistant Escherichia coli DH5a transformants were ob-
tained from this ligation reaction. Mutagenized plasmid DNA was extracted
from them and used to transform YPH499 together with the scHEC1 disruption
fragment. About 5,000 transformants of Trp* Ura™ prototrophs were selected
on SMM plates. Each plate was duplicated; one was cultured at 25°C, and the
other was cultured at 37°C. Eleven clones grew at 25°C but not at 37°C. The
plasmids from these mutant clones were recovered and retransformed to verify
the ts phenotype. One of the ts alleles of hshecl, hshecI-113, was sequenced with
an Applied Biosystems model 377A sequencer. Yeast strains with an integrated
hshecl-113 allele on the scHECI locus were generated by transforming the same
Kpnl/Xhol DNA fragment carrying the hshecl-113 mutation.

Cell growth and synchronization. For the growth property studies shown in
Fig. 1 and 2, a 24-h culture grown in YPD or SMM at 25°C was diluted with fresh
YPD or SMM containing 2% glucose at a starting density of 4 X 10° cells/ml.
Then cells were grown at 25°C with vigorous shaking. Change to the nonpermis-
sive temperature occurred during log phase or immediately after release from
synchronization. Aliquots of the culture were removed at the indicated times for
determining growth densities, colony formation on solid plates, and individual
cell morphology. Growth density was measured by spectrophotometric methods
and converted to cell number according to standards measured on a hemacy-
tometer.

Synchronization of yeast cells at Gy, at early S phase, or at metaphase was
performed as follows. Cells were inoculated into YPD or SMM at 4 X 10° cells/
ml, grown at 25°C for 6 h, and then treated either with a-factor at 5 wg/ml,
hydroxyurea at 0.1 M, or nocodazole at 20 pg/ml for the periods of time indi-
cated. Synchronized cultures were released from cell cycle arrest by quick spin
followed by washing.

Immunostaining and fluorescence microscopy. Cell preparation for immuno-
staining was modified from the standard procedures already described (48).
Aliquots of cultured yeast containing approximately 107 cells were fixed by the
addition of 16% EM-grade formaldehyde to a final concentration of 4% for 20
min, followed by incubation with yeast fixation buffer (40 mM potassium phos-
phate [pH 6.5] containing 0.5 M MgCl, and 4% formaldehyde) for 24 h. Fixed
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cells were washed twice with solution A (40 mM potassium phosphate [pH 6.5],
0.5 M MgCl,, 1.2 M sorbitol). Cells were spheroplasted in 1 ml of solution A
containing 10 pl of 2-mercaptoethanol and 55 pl of Glusulase (Du Pont NEN)
for 2 h at 36°C with gentle agitation. Cells were washed twice in solution A and
resuspended in 0.2 ml of solution A. Twenty microliters of this suspension was
spotted into a gelatin-coated cover slide. The immunostaining procedures were
as described elsewhere (8). Microtubules were detected by monoclonal antitu-
bulin antibody YOL134 (Accurate Scientific) diluted 1:50, followed by fluores-
cein isothiocyanate (FITC)-conjugated goat anti-rat immunoglobulin G (Fisher)
diluted 1:100. hsHeclp or hshecl-113p was detected by anti-hsHeclp monoclo-
nal antibody (MAD) 11A5 (1:250) or affinity-purified rabbit polyclonal anti-hsHeclp
antibodies (1:250 to 1:500), and scHeclp was detected by mouse polyclonal
anti-scHeclp antibodies (1:250), followed by FITC- or Texas red-conjugated
secondary antibodies as indicated. The cells were further stained with 1 pg of
4',6-diamidino-2-phenylindole (DAPI) per ml in phosphate-buffered saline
(PBS) containing 1 mM p-phenylenediamine and mounted in Permafluor
(Lipshaw-Immunon Inc.). Cells were observed using a standard fluorescence
microscope (Axiophot photomicroscope; Zeiss).

Flow cytometry. Cells were prepared for flow cytometry as described elsewhere
(23). Cells were resuspended in PBS and fixed in 70% ethanol. After being
washed twice in 50 mM Tris (pH 8.0), cells were treated with RNase (1 mg/ml)
for 2 h at 37°C and then incubated in proteinase K (40 wg/ml) for another 1 h at
50°C. Cells were pelleted and resuspended in propidum iodide (0.2 mg/ml in
PBS). Before analysis, cells were sonicated for 5 s at the lowest setting. Fifty
thousand cells from each sample were analyzed by FACScalibur (Becton Dick-
inson).

Generation of polyclonal antibodies against scHeclp or Smclp. scHeclp was
detected by mouse anti-Heclp polyclonal antisera raised against a glutathione
S-transferase-scHeclp fusion protein expressed in E. coli.

Two kinds of mouse anti-Smclp polyclonal antisera, anti-SmclB and anti-
SmclC, were raised against a glutathione S-transferase protein fused with aa 634
to 847 and aa 1021 to 1225, respectively, of Smclp. Specificities of the antibodies
compared with that of rabbit anti-Smc1p antisera (kindly provided by A. Strun-
nikov) (58), were checked. The antibodies recognized a 165-kDa cellular protein
of the same size as described for Smclp. The assays represented in Fig. 6 were
repeated using rabbit anti-Smclp antisera (data not shown).

Immunoprecipitation and Western blotting. Yeast cell lysates were prepared
as described elsewhere (51), with the following modifications. Cell pellets were
washed once and resuspended in 200 wl of yeast lysis buffer (50 mM Tris [pH
7.5], 150 mM NaCl, 5 mM EDTA, 0.1% Triton X-100, 0.1% sodium dodecyl
sulfate [SDS]) plus protease inhibitors. Two volumes of glass beads (0.5-mm
diameter) were added, and the suspensions were vortexed at the highest speed
for six periods totaling 3 min. The clarified lysates were subjected to SDS-
polyacrylamide gel electrophoresis (PAGE) followed by immunoblotting analysis
as described previously (8). hsHeclp was detected by anti-hsHeclp MAb 9G3.
For immunoprecipitation, the lysates were incubated with anti-scHeclp (diluted
1:500), 9G3 (1:2,000), anti-Smc1C (1:300), or anti-Gal4 transactivation domain
(TAD; 1:100; Santa Cruz) at 4°C for 3 h; then protein A-Sepharose beads were
added. After another 2 h of incubation, beads were washed with lysis 250 buffer
(50 mM Tris [pH 7.5], 250 mM NacCl, 50 mM sodium fluoride, 0.5% Nonidet
P-40) for immunoprecipitation or lysate 175 (175 mM NaCl) for coimmunopre-
cipitation. Finally, beads were boiled in 2X SDS sample buffer and subjected to
SDS-PAGE followed by immunoblotting analysis with the antibodies indicated.

Colony sectoring assay. hsHECI and hshecI-113 diploid strains for colony
sectoring assay were mated from two haploid strains, YPH499 (Mata) and
YPHI1017 (Mata) (Table 1), in which scHECI was deleted and rescued by
hsHECI or hshecI-113 in the YCp-PA vector as described above. The resultant
diploid strains contain a homozygous schec! null mutation marked by URA3, a
homozygous ade2-101 ochre color mutation, a chromosome fragment carrying a
copy of SUPI1, and a wild-type allele of hsHECI or a ts allele hshecl-113 in a
CEN-ARS1 vector marked by TRPI. The scHECI diploid strain used in this
assay was mated from two wild-type haploid strains, CH2082 and CH2080 (29).
Five single pink colonies of each diploid strain were picked and cultured in
histidine-free SMM at 25°C for 3 days. Equal numbers of cells from each strain
were inoculated at 37 or 25°C into fresh histidine-containing SMM and then
cultured further for 3 h before plating on medium containing 6 mg of adenine per
liter. The plates were incubated at 25°C for 6 days and 4°C overnight before
observation.

RESULTS

hsHECI can functionally substitute for yeast scHECI1. Using
the hsHeclp sequence, we identified in a search of the current
GenBank protein database a potential homologous protein,
scHeclp, encoded by an ORF in the S. cerevisiae genome.
Interestingly, this gene has been independently isolated twice,
once as TID3 in a screen for proteins interacting with S. cer-
evisiae Dmclp (13) and again as NDC80 in an attempt to
identify spindle pole components. Ndc80p was previously pro-
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posed to be a potential homolog of hsHeclp, based on struc-
tural similarity (61). Consistently, we found that human and
yeast Heclp are 36% identical in their N-terminal regions, and
their C-terminal regions constitute similar coiled-coil enriched
structures. Such homologous sequences were also identified in
fission yeast (61), Caenorhebditis elegans, and mouse genomes
(data not shown).

Inactivation of NDC80 has been shown to be lethal in bud-
ding yeast (61), which is consistent with our previous finding
that hsHEC] is essential for cell viability since inactivation of
hsHeclp in mammalian cells by specific antibodies leads to cell
death. The structural and functional similarities between
hsHeclp and scHeclp/Ndc80p indicated that scHeclp may be
the hsHeclp homolog. Because of a marked overall structural
divergence between the two proteins, however, it was necessary
to test whether hsHECI could functionally substitute for
scHEC] in yeast cells. To this end, the endogenous scHECI
was inactivated by one-step gene disruption (53). The URA3
marker gene, flanked by a 0.5 kb of 5’ sequence from the
putative promoter region of scHECI and 1.6 kb of 3’ sequence
of scHEC1 (Fig. 1A), was first used to replace one wild-type
allele of scHECI in a diploid strain, YPH501. The mutated
diploid strain exhibited segregation of two viable (Ura™) and
two lethal spores by tetrad analysis. Similar scHEC! disruption
was then performed with a haploid strain, YPH499. No yeast
colonies survived after disruption of the scHEC]! allele; how-
ever, cotransformation of the scHEC! disruption fragment
with scHECI DNA in a TRPI-marked CEN-ARSI vector res-
cued the lethal phenotype and generated strain WHL103 (Ta-
ble 1; Fig. 1A). We therefore introduced the hsHEC!I cDNA,
in a TRPI-marked CEN-ARSI vector, into selected haploid
yeast cells in which the scHEC! allele was disrupted (Fig. 1A).
Expression of hsHECI cDNA, under transcriptional control of
the yeast scHECI promoter, was able to rescue the lethal
phenotype resulting from scHECI disruption, thereby gener-
ating the strain WHLI101 (Table 1; Fig. 1A). Similar results
were obtained when hsHECI was integrated into the scHECI
locus to generate strain WHL102 (Table 1). Genotyping by
PCR methods confirmed the replacements (Fig. 1B and C).
Yeast cells in which scHECI was disrupted and reconstituted
by hsHECI expressed only hsHeclp; endogenous scHeclp was
no longer detected (Fig. 1D).

To determine whether the hsHeclp can functionally substi-
tute for scHeclp during yeast cell cycle progression, growth
properties as well as cell morphology, spindle shape, and DNA
content of the parental and rescued yeast strains were exam-
ined. Colony formation in solid plates and growth kinetics in
liquid culture appeared to be indistinguishable in the strains
with scHEC! or with hsHECI at 25°C (Fig. 1E). Fluorescence
microscopy of cells stained with antitubulin antibodies and
DAPI demonstrated similarities in morphology, spindle shape,
and DNA content in the two strains; the distributions of cells
in different phases of the cell cycle were also indistinguishable
in these two strains (Fig. 1F). Neither the growth properties
nor the morphologies of cells expressing hsHeclp were
changed upon cultured at 37°C (data not shown). These results
demonstrated that hsHeclp is indeed the functional homolog
of scHeclp. Moreover, two yeast strains in which scHECI is
replaced by the hsHECI gene in either an episomal form
(WHLI101) or an integrated form (WHL102) were established
for further studies.

Heclp localizes to the nucleus. Our previous study showed
that hsHeclp localized to the nucleus and that a portion of it
moved to the centromere regions during mitosis (8). To deter-
mine whether hsHeclp localizes similarly in yeast cells, we
performed immunostaining of Heclp in yeast cells carrying
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FIG. 1. Yeast cells with the schecl null mutation can be rescued by human hsHEC! (A) Schematic diagram of wild-type cell (a. YPH499) and yeast cells rescued
by scHECI (b. WHL103) or hsHECI (c. WHL101). The yeast scHEC!I promoter region is marked by hatched boxes; arrows indicate the primers used in PCR
genotyping. (B) Predicted DNA fragment sizes determined by PCR genotyping using the primers shown in panel A. (C) DNA fragments of PCR genotyping analyzed
by agarose gel electrophoresis. Lane 1, WHL101; lane 2, WHL 103; lane 3, YPH499. (D) Immunoblot analysis of total cell lysates from YPH499 (lanes 1 and 3) and
WHL101 (lanes 2 and 4), using anti-hsHeclp MAb 9G3 and mouse anti-scHeclp sera, respectively. (E) Growth-density curve of the yeast strain carrying the scHECI
allele (YPH499) and the isogenic yeast strain in which the scHECI allele is replaced by hsHECI (WHL102) at 25°C. (F) The cell type distributions of yeast grown at
25°C for 4 h in (E) were observed with fluorescence microscopy. The percentages of cells at different phases of the cell cycle were determined according to budding
morphologies, nuclear patterns, and spindle formation, and presented as histograms. (G) Immunostaining of Heclp in yeast cells carrying the scHECI (a and b) or
hsHECI (c and d) allele. scHeclp was detected by mouse polyclonal anti-scHeclp antibodies (b); hsHeclp was detected by purified rabbit polyclonal anti-hsHeclp
antibodies (d). Corresponding FITC-conjugated secondary antibodies were used. DNA was stained with DAPI (a and c). (H) Immunostaining of hsHeclp in yeast cells.
a, phase-contrast; b, spindle stained by rat antitubulin antibodies and FITC-conjugated secondary antibodies; ¢, nuclear DNA strained by DAPI; d, hsHeclp stained
by rabbit anti-hsHeclp antibodies and Texas red-conjugated secondary antibodies.

hsHEC1 or scHECI. As shown in Fig. 1G, a nuclear staining
pattern was observed in yeast cells carrying hsHECI, and
brighter speckles can be seen in nuclei. Costaining of spindles
suggested that these brighter speckles were concentrated in the
vicinity of the spindle pole body and confined to the periphery
of the chromosomal DNA mass in unbudded or large budded
anaphase cells (Fig. 1H). This pattern reflected the position of
the centromeric DNA in these cells, as previously revealed by
fluorescence in situ hybridization (20, 55), and was similar to
the staining of centromere proteins, such as Mif2p (43), Cse4p
(44), and Ctf19p (32). Consistently, the nuclear staining pat-
tern and brighter speckles were also seen in the cells carrying
scHECI (Fig. 1G).

Isolation of ts mutants of hsHECI. The yeast strain in which
the essential function is sustained by the hsHECI gene has
allowed us to explore the precise role of this human protein
in mitotic division through isolating conditional alleles of

hsHEC] in yeast. We performed random mutagenesis on an
hsHECI cDNA fragment, subcloned the resultant fragments in
the CEN-ARSI1 vector, and transformed the scHECI-dis-
rupted strain for isolation of conditional lethal mutants. Eleven
ts mutants which grew at 25°C but not 37°C were isolated, and
their growth in liquid culture was examined. At 25°C, the
growth pattern of the mutant yeast appears no different from
that of the wild-type strain (WHL101). When the cultures were
shifted to 37°C, however, the ts mutants stopped growing after
the first or second division (Fig. 2A). Like mammalian cells in
which hsHeclp is inactivated by specific antibodies, yeast cells
without functional hsHeclp fail to arrest completely during
mitosis and instead apparently proceed to cell division and
cytokinesis. These mutant cells did not regain growth potential
when shifted from the nonpermissive to the permissive tem-
perature. Samples from these mutants cultured at 37°C for 3 h
(approximately 1.5 generation times) were plated and incu-
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FIG. 2. Temperature sensitivity of mutated hshec! alleles. (A) Growth-den-
sity curves of yeast strains carrying different mutant alleles or the wild-type allele
of hsHECI were measured by spectrophotometric methods. Log-phase cells
originally growing at 25°C were inoculated and cultured at 25 or 37°C, respec-
tively. After 8 h, half of the cultures grown at 37°C were shifted back to 25°C, as
indicated by arrows. (B) Log-phase cells from hsHECI or hshecI-113 strains
were arrested with a-factor at 5 wg/ml, hydroxyurea at 0.1 M, or nocodazole at
20 pg/ml or were left untreated for 3 h at 25°C. The percentages of arrested cells,
determined by DAPI staining and observation by fluorescence microscopy, were
between 85 to 95%. While arrested, half of each culture was shifted to 37°C and
the remaining was kept at 25°C. After another 3-h incubation, cells were released
and plated at 25°C. The ratios between the numbers of colonies formed by the
cells exposed to 37°C and those by the cells exposed to 25°C are shown by
histograms. Asyn., asynchronous; af, a-factor; Hu, hydroxyurea; Nz, nocodazole.
(C) Log-phase cells from hsHECI or hshecl-113 strains were arrested with
a-factor at 5 pg/ml for 3 h at 25°C. Immediately after release, half of each culture
was shifted to 37°C and the remaining half was kept at 25°C. The numbers of
colonies formed by equal aliquots taken from these cultures every 20 min were
counted from duplicated plates. Numbers of colonies formed for each sample
relative to the 0-min sample were calculated to generate the curves in the upper
panel. The lower panel shows the percentages of budding cells in each sample.
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bated at 25°C. Only 30 to 40% of cells were able to form
colonies on solid plates, whereas the wild-type strain showed
no loss of viability at 37°C. These results suggested that muta-
tions of hsHECI lead to cell death at the nonpermissive tem-
perature.

To determine whether the lethality at the nonpermissive
temperature is specifically due to the failure of a cell cycle
event, one of the ts mutants, hshecl-113, was further examined.
Treatment of exponentially growing cultures of hshecl-113
cells or cogenic wild-type hsHECI cells with a-factor, hy-
droxyurea, or nocodazole at the permissive temperature re-
sulted in cell cycle arrest at G,, early S, or G,/M phase, re-
spectively. While arrested, these cells were shifted to 37°C for
3 h to inactivate hsHecl proteins and then released by plating
at 25°C. As controls, equivalent numbers of the arrested cells
were cultured at 25°C for the same period of time. The ratio of
viable cells at the nonpermissive temperature to those at the
permissive temperature was used to determine viability. When
the hsHeclp activity was depleted in G,/M phase, this ratio
dropped to 0.3, or approximately the same as the ratio in
unsynchronized cells (Fig. 2B). In contrast, when the hsHeclp
activity was depleted in either G, or S phase, the cell viability
did not decrease. These results suggested that the function of
hsHeclp is essential for cell viability during M phase. In-
creased lethality during M phase has also been observed in
cells defective in proteins involved in sister chromatid cohesion
or chromosome condensation, including Top2p (28), Smclp
(58), and Mcdlp (22). This resemblance is consistent with a
relationship between Heclp and these proteins suggested be-
low.

The function of hsHeclp in M phase was further determined
by following the viability of cells as they synchronously tra-
versed a dynamic cell cycle (28). The hshecl-113 mutant and
wild-type hsHEC! strains were synchronized in G, phase by
a-factor at 25°C for 3 h and then released to fresh medium at
37 and 25°C as controls. At 20-min intervals, equal portions of
the 37°C culture were shifted to 25°C and plated immediately
to assess cell viability (Fig. 2C; upper panel). Cell cycle pro-
gression was monitored according to cell-budding morpholo-
gies (Fig. 2C; lower panel) and DNA content analysis (data not
shown). During the initial 60 min, the viability of both strains
at both temperatures remained relatively constant. After 60
min, however, the number of viable cells from the hshecl-113
strain grown at 37°C began to decrease. At 100 to 120 min after
release from G, phase, the viability of the hshec-113 culture at
37°C continued to decrease; in contrast, the numbers of viable
cells from all the other cultures doubled because their buds
were released from the mother cells. Thus, death of the mutant
cells could be prevented by a shift back to the permissive
temperature during the initial 60 min, suggesting that the es-
sential role of hsHeclp was not required during that period of
time immediately following release from G,. However, at 80 to
100 min after release (i.e., during M phase), cell death could no
longer be prevented in cells containing inactivated hsHeclp.
These results suggested that the essential function of hsHeclp
is required when cells enter M phase.

hshec] mutants demonstrate mitotic delay and unequal
chromosome segregation at the nonpermissive temperature.
Cytological analysis of the hshec! mutant revealed accumula-
tion of large-budded cells at the nonpermissive temperatures
(Fig. 3A). The subpopulation of cells at anaphase consisted
predominately of the cells in which DNA failed to separate
into two discrete masses. Some cells with large buds contained
DNA evident only at one pole (Fig. 3B). DNA content analysis
showed that hshecl-113 mutant cells accumulated with a G,
DNA content after shifting to 37°C; the shoulder of the G,
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peak was extended to reflect a DNA content greater than 2n,
and a small peak representing DNA content less than 1n ap-
peared. This profile suggested the cells with the hshecl-113
allele become aneuploid at the nonpermissive temperature
(Fig. 3C). Therefore, the phenotypes of hshec! mutants are
very similar to those observed in mutants of its yeast homolog
(61), suggesting that human hsHeclp also plays a role in chro-
mosome segregation.

Cell cycle progression of hshecl-113 mutant cells was mon-
itored following synchronization with 0.1 M hydroxyurea at
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FIG. 3. Phenotypes of ts hshecl-113 mutants. (A) Characterization of cell
cycle progression of hshecl-113 and wild-type alleles. Unsynchronized log-phase
cells originally growing at 25°C were shifted to 37°C. At 2, 4, and 8 h, 300 to 500
cells were categorized and placed in different phases of cell cycle according to
their budding morphologies, nuclear patterns, and spindle formation under mi-
croscopic observation. The percentages of different types of cells are shown by
histograms. (B) Morphologies of hshecI-113 cells growing at 25°C (b, e, and h)
and 37°C (c, f, and i) for 4 h and of wild-type hsHECI cells growing at 37°C (a,
d, and g). (C) DNA content analysis of unsynchronized log-phase cells carrying
a wild-type hsHEC! or mutant hshecl-113 allele. Cells were cultured at 25 or
37°C for 6 h. Arrows indicate shoulders representing DNA content of less than
1n or more than 2n. (D) Morphologies of synchronized hshecl-113 (g to 1) and
wild-type (a to f) cells after release from S phase for 1 and 2 h. The cells were
synchronized with 0.1 M hydroxyurea for 5 h at 25°C and shifted to 37°C when
released. (E) DNA content analysis of the cells shown in panel D, before release
(0 h) and 1, 2, and 3 h after release. Note that 2 h after release, wild-type cells
exited from M phase and exhibited a 1n peak, but hshecl-113 cells did not exhibit
such a peak (arrowheads). In panels B (a to ¢) and D (a, d, g, and j), cell
morphology is shown by phase-contrast. DNA was stained with DAPI (B, d to f;
D, b, e, h, and k). The spindle was stained by antitubulin antibodies and FITC-
conjugated secondary antibodies (B, g to i; D, ¢, f, i, and 1). The large-budded
cells with unevenly divided nuclei are marked by arrows.
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25°C and release to fresh cultures at 37°C (Fig. 3D). Both
wild-type and mutant cells entered M phase 1 h after release
from hydroxyurea-induced S-phase arrest. After 2 h, however,
only the wild-type cells exited from M phase. The hshecI-113
cells were still dominated by large-budded morphologies. Cells
with unequal nuclear division and disperse DNA morphology
were also observed. Results from DNA content analysis of the
same cell samples were consistent with the cytological studies
(Fig. 3E). A mitotic delay in hshecl-113 cells was thus sug-
gested.
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TABLE 2. Chromosome loss and nondisjunction in
hshecl-113 diploids

Missegregation rate

Temp No. of
Genotype O colonies* % 1:0 events” % 2:0 events®
scHEC1 25 10,021 0.02 0.01
hsHEC1 25 6,096 0.02 0.01
37 6,827 0.03 0.01
hshecl-113 25 4,299 1.35 0.37
37 5,138 1.85 0.41

“ Total number of pink colonies that carry one chromosome fragment.

® Number of half-red/half-pink colonies divided by the total number of pink
colonies.

¢ Number of half-red/half-white colonies divided by the total number of pink
colonies.

hshecl mutations increase the rate of chromosome misseg-
regation. Both cytological observations and DNA content anal-
ysis suggested that mutations of HECI/NDC80 cause a defect
in chromosome segregation. To examine the rates at which this
defect occurred in an hshec! mutant, we used a colony sector-
ing assay in which diploid strains carried a homozygous ade2
(ochre) color mutation and a single copy of ochre suppressor
(SUPII) on a dispensable chromosome fragment (CF) (26).
Exponentially growing cells from hsHECI and hshecI-113 dip-
loid strains were cultured at 25 or 37°C for 3 h and then plated
at the permissive temperature. The total numbers of pink col-
onies representing 1:1 segregation, half-pink/half-red sectored
colonies representing 1:0 segregation of CF, and half-white/
half-red sectored colonies representing 2:0 segregation of CF
were determined. The rates of chromosome loss and nondis-
junction in the first division were determined by the frequen-
cies of half-pink/half-red colonies and half-white/half-red col-
onies, respectively. Results suggested that the diploid strain
carrying the wild-type hsHEC! allele exhibited very low rates
of both chromosome loss and nondisjunction, which were in-
distinguishable from those for the strain carrying the wild-type
scHECI allele (Table 2). The diploid strain carrying mutant
hshecl-113 allele at 25°C, however, exhibited a 65-fold increase
in the rate of chromosome loss and an 18-fold increase in
nondisjunction compared to that carrying the wild-type alleles.
After transient exposure to 37°C, the rate of chromosome
missegregation was increased further. However, this increment
was not dramatic, presumably because of excessive cell death
at the nonpermissive temperature. These results showed that
hshecl-113 mutant strain has missegregated chromosomes; the
more severe phenotype represents chromosome loss and the
moderate phenotype nondisjunction events.

Although defects in DNA metabolism may lead to large
increases only in the rate of chromosome loss (47), the hshec!-
113 mutant predominantly has a 2n DNA content at the non-
permissive temperature, making it unlikely that a failure of
bulk DNA synthesis is responsible for the increasing rate of
chromosome loss. Interestingly, the observed phenotype is
consistent with roles of several key proteins in the process of
chromosome segregation. For example, one member of a fam-
ily of ctf (chromosome transmission fidelity) mutants, spt4,
exhibits a similar increase in chromosome loss events, appar-
ently due to a defect in kinetochore function (3). Another
member, ctfl13-30, has abnormal kinetochores and displays a
comparable increase in both chromosome loss and nondisjunc-
tion events (11).

hshec-113 contains a nonsense mutation and encodes a
45-kDa truncated protein. To determine the mutations of
hsHEC] leading to the ts phenotype, the plasmid DNA con-
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FIG. 4. Characterization of the mutant hshecl-113p. (A) Partial nucleotide
and protein sequences of wild-type hsHECI and mutant hshecl-113 alleles. The
nucleotide substitution in AshecI-113p (G to A) and the corresponding amino
acid change at position 395 (Trp to a stop codon OPA) are underlined. (B)
Identification of hshec1-113p in mutant cells. Cell lysate prepared from wild-type
(lanes 1 and 2) and hshecI-113 (lanes 3 and 4) cells growing at 25°C (lanes 1 and
3) or 37°C (lanes 2 and 4) for 4 h were immunoprecipitated by mouse anti-
hsHeclp MADbs, followed by SDS-PAGE and Western blotting with the same
antibodies. (C) Subcellular localization of the mutant hshec-113p. Log-phase
cells of hshecI-113 were grown at 25°C or shifted to 37°C for 2 h. hshec-113p was
stained by purified rabbit anti-hsHeclp antibodies and Texas red-conjugated
secondary antibodies. Nuclear DNA of the same cells was stained by DAPI;
spindle was stained by rat antitubulin antibodies and FITC-conjugated secondary
antibodies.

taining the hshecl-113 mutant allele was recovered from the
yeast mutant strain WHL113 for sequence analysis. The hshecl-
113 mutant allele was found to have a nonsense mutation,
changing Trp395 to a stop codon in its translational sequence
and resulting in the expression of a C-terminally truncated,
45-kDa protein (Fig. 4A). To further substantiate this finding,
the hshecl-113 yeast lysates were analyzed by immunoprecipi-
tation followed by Western blot analysis using an anti-hsHeclp
MAD as probe. A 45-kDa protein, hshecl-113p, consistent with
the predicted size, was detected in the mutant cells (Fig. 4B).
The relative abundance of hshecl-113p did not appear to be
significantly different at either 37 or 25°C. The ts phenotypes
are, therefore, probably not the result of changes in protein
expression at the nonpermissive temperature.

The staining pattern of hshecl-113p at 25°C was not distin-
guishable from that of wild-type Heclp (Fig. 4C). The brighter
speckles of hshec1-113p appeared to be restricted to the region
proposed for the centromere localization. However, at 37°C,
these brighter speckles were no longer confined to this region
but randomly distributed. It remains to be explored whether
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TABLE 3. Interaction between scHeclp and
hsHeclp-associated proteins

hsHeclp- Binding with Binding with
associated hsHeclp” scHeclp Homolog
protein (U») ) Color
MSS1 3715 =193 White Cim5p
15A2 4689 = 658 1,066 = 40 Blue
sb1.8 273.3 = 10.0 348 £20 Blue Smclp
NEK2 239.4 = 32.6 126 =2 Blue NIMA
15A20 319.1 = 16.6 309 =1 Blue
Subunit p45 of 26S  1,105.2 = 1593  122+2  Blue  Suglp/Cim3p
proteasome

Rb 8,345 = 3,086 White

“ Some data adapted from reference 9.
b B-Galactosidase activity units.

this abnormal pattern is reminiscent of the mislocalization of
mutant heclp or a rearrangement of centromeres in the mu-
tant cells.

hshec1-113p interacts with hsHeclp-associated proteins but
not with SMC1 proteins at the nonpermissive temperature.
hsHeclp has been shown to interact with several proteins im-
portant for M-phase progression by yeast two-hybrid screening
(9). To test whether scHeclp can bind to the hsHeclp-associ-
ated proteins, a yeast two-hybrid assay was used to score for
B-galactosidase activity. The results showed that scHeclp can
indeed interact with most of the hsHeclp-associated proteins,
including sb1.8, p45, NEK2, and other novel proteins (Table
3). Interestingly, scHeclp does not interact with human Rb
and MSS1; therefore, the interaction of Hecl proteins with
these proteins may be restricted to higher organisms.

Since most hsHeclp-associated proteins appear to have ho-
mologs in budding yeast, it is reasonable to postulate that
hsHeclp may interact with the yeast homologs of these HEC-
associated proteins. Mutant hshecl-113p contains the first
complete coiled-coil domain but is missing most of the second
domain. The first domain is sufficient for binding to many
associated proteins (NEK2, sb1.8, and p45) but is insufficient
for binding to MSS1 (9). The interaction between the trun-
cated hshecl-113p and hsHeclp-associated proteins was tested
at either 25 or 37°C. Mutant derivatives containing the first
coiled-coil domain and a small part of the second domain (aa
251 to 394), which resembled the truncated C-terminal coiled-
coil region of hshec1-113p, were able to interact with all of the
associated proteins assayed at 25°C. However, the interaction
with sb1.8 was specifically abolished at 37°C, while binding to
other proteins was not changed (Fig. SA). This result suggested
that mutant hec1-113p may interact with yeast Smclp in a ts
manner similar to its binding to the human SMCI protein in
the yeast two-hybrid assay.

To determine which region(s) of Heclp is necessary for
interaction with the SMC1 protein, four hsHeclp deletion de-
rivatives containing different coiled-coil regions fused to the
Gal4 DNA-binding domain as previously described (9) were
used in the yeast two-hybrid assay. The fragment of the human
SMCI, sb1.8, originally cloned from yeast two-hybrid screening
contains a 0.6-kb region (aa 621 to 836) encompassing the
second coiled-coil domain. The putative homologous region of
this 0.6-kb fragment (aa 634 to 847) of the yeast Smclp, cor-
responding to the second coiled-coil domain, was also cloned.
These two fragments, fused in frame to the Gal4 TAD, were
used in the yeast two-hybrid assay. Both the first (aa 251 to
431) and the second (aa 361 to 547) coiled-coil regions of
Heclp are sufficient for interaction with human or yeast SMC1.

MoL. CELL. BIOL.

The remaining region (aa 547 to 618), in which the coiled coil
domain is poorly formed, although enriched in leucine heptad
repeats, is not able to bind SMC1 (Fig. 5B). Similarly, the
scHeclp appears to interact with both yeast and human SMC1.

The specific interaction between Heclp and yeast Smclp
allows us to test whether the binding of the mutated hshecl-
113p to Smclp is temperature dependent in yeast cells. In as-
says using anti-hsHeclp MAbs, Smclp was coimmunoprecipi-
tated from the hshecl-113 mutant cells cultured at the permis-
sive temperature. Little Smclp, however, was detectable in the
immunocomplex precipitated by anti-hsHeclp antibodies from
the cells cultured at the nonpermissive temperature (Fig. 5C).
This result further confirmed that hshec113p fails to interact
with Smclp at nonpermissive temperatures, although the abun-
dance of Smclp is not changed.

Heclp also interacts with Smc2p. The study of Xenopus
condensin and cohesin complexes suggests that the SMC pro-
teins of the SMC1/SMC3 subgroup and the SMC2/SMC4 sub-
group have distinct functions in sister chromatid cohesion and
chromosome condensation, respectively (41). Studies of S. cer-
evisiae, however, indicated that there are certain links between
cohesion and condensation in certain organisms (21, 24, 56).
Since Heclp is associated with SMC1, it is possible that Heclp
is associated with other SMC proteins; in yeast, this association
may also extend to condensation proteins such as Smc2p. To
test this hypothesis, the same hsHeclp deletion derivatives
were used to test their ability to bind to Smc2p. The full-length
coding region of SMC2 was cloned by PCR amplification from
S. cerevisiae genomic DNA and fused to the Gal4 TAD (aa 768
to 881). As shown in Fig. 6A, the first coiled-coil-enriched
region (aa 251 to 361) of hsHeclp was sufficient for binding to
Smc2p; however, unlike the binding to Smclp, the second
coiled-coil enriched region (aa 361 to 547) was unable to bind
Smc2p. These results suggested that Heclp also interacts with
Smc2p, albeit in a manner distinct from its interaction with
Smclp. Consistently, the binding ability of the first coiled-coil
enriched region (aa 251 to 394) within the hshecl-113p mutant
showed no differences at various temperatures (Fig. 6A).
Therefore, the role of Heclp in the modulation of SMC2
function may not be affected in secl mutants at nonpermissive
temperatures by the dissociation of these two proteins.

The interaction between scHeclp and Smc2p was further
verified in vivo in yeast strain Y153 (SMC2 gal4A) (13). Smc2p
was expressed in episomal form, tagged by TAD, and driven by
the ADH1 promoter as described above. Smc2p can be coim-
munoprecipitated by anti-scHeclp antibodies and subsequent-
ly detected by immunoblot analysis using anti-TAD, an anti-
body that specifically recognize the TAD from cells expressing
tagged Smc2p (Fig. 6B, lanes 4 to 6), but not from Y153 cells.
On the other hand, anti-TAD can precipitate the TAD-Smc2p
and coprecipitate scHeclp. These results suggested that Heclp
interacts with Smc2p in vivo.

Genetic suppression of the smc mutants by overexpression
of hsHECI or scHECI. The in vivo interaction between Heclp
and SMC1 or SMC2 may have biological significance. Both
smcl and smc2 mutations cause failure of chromosome segre-
gation, leading to cell death at nonpermissive temperatures
(57, 58). Such phenotypes are also observed with hshecl mu-
tations. If the interaction between Heclp and Smclp or Smc2p
is critical for the Smclp or Smc2p function in chromosomal
segregation, the overexpression of HECI may overcome the ts
smcl or smc2 phenotype. To test this possibility, we introduced
an episomal plasmid containing hsHEC! or scHECI under
control of the GALI promoter into smcl-2 and smc2-6 ts
mutants. After induction by galactose, the overexpression of
hsHEC1 or scHEC1 appeared to be able to suppress the lethal
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FIG. 5. The interaction between the mutated hshecl-113p and Smclp is ts. (A) Binding between hsHec1-113p and hsHeclp-associated proteins (hsHeclp-Aps) at
permissive and nonpermissive temperatures. 15ts113, the cDNA encoding the deletion mutant (aa 251 to 394) of hsHeclp that is truncated at the same position as the
hshec1-113p mutant, was generated by in-frame fusion to the Gal4 DNA-binding domain. The same constructs in Table 3 were used to express hsHeclp-associated
proteins that were fused with the Gal4 TAD. The interactions at 25 or 37°C were tested in yeast two-hybrid assays. Units represent B-galactosidase activity. (B) Domain
mapping of the interaction between Heclp and SMCI1 proteins. The schematic structures of the regions in Heclp that were fused with the Gal4 DNA-binding domain
are shown. Shaded boxes are the three leucine heptad repeat-enriched regions. sb1.8/human SMC1 and Smc1p/yeast SMC1 were expressed as Gal4 TAD fusion proteins
and used to test for interaction with Hec1 fusion proteins in yeast two-hybrid assays. (C) Log-phase yeast cells carrying an hshecl-113 or hsHECI allele were transferred
to fresh medium and grown at either 25 or 37°C. After 3 h, cells were collected and lysed, and equal amounts of protein extracts (about 15 mg) were immunoprecipitated
(IP) with mouse preimmune serum (lane 1 to 4) or anti-hsHeclp MAb 9G3 (lane 5 to 8). The immunoprecipitates were then resolved by SDS-PAGE followed by
immunoblotting with mouse anti-Smclp antiserum for Smclp (a), 9G3 for hsHeclp (b), or hshecl-113p (c). Equal amounts of the same lysates (about 2 mg) were
separated by SDS-PAGE followed by immunoblotting with anti-Smclp antiserum for detecting the expression of Smclp (d, lanes 9 to 12). Lanes 1, 5, and 9, hsHECI
at 25°C; lanes 2, 6, and 10, hsHEC1 at 37°C; lanes 3, 7, and 11, hshecl-113 at 25°C; lanes 4, 8, and 12, hshecl-113 at 37°C.

phenotype of both the smcl-2 and smc2-6 mutants at nonper-
missive temperatures, while no suppression was observed with
vector alone (Fig. 7). This result indicates that Heclp proteins
may modulate both sister chromatid cohesion and chromo-
some condensation, and that its interaction with Smclp or
Smc2p is crucial for chromosomal segregation.

DISCUSSION

hsHeclp plays an essential role in mammalian cell mitosis.
Cells injected with antibodies specific for hsHeclp exhibit sev-
eral features of abnormal mitotic phenotypes, including the
formation of multiple spindle poles and disordered metaphase
chromosome alignment. These cells complete all aspects of
division, including anaphase, cytokinesis, and re-formation of
the nuclear envelope, but nonetheless missegregate chromo-
somes to daughter cells (8). To elucidate the molecular bases
of hsHeclp in M-phase progression, an S. cerevisiae homolog
of the hsHEC1 gene was identified and characterized. Consis-
tent with previous observations of Wigge et al. (61), we found
that scHEC1/NDC80 encodes an 80-kDa cellular protein that
is 36% identical to the human hsHeclp protein in its N-termi-
nal one-third. Although the overall homology between the two
proteins is not high, both proteins contain a long stretch of
leucine heptad repeats that constitute two coiled-coil enriched
domains in their otherwise divergent C-terminal regions. Genes
with similar structure were also identified in fission yeast, C. ele-
gans, and mouse genomes (data not shown). Moreover, the
hsHEC]I gene can complement the function of its yeast coun-
terpart in cells deleted for scHECI. The result suggests that the

essential functions of Heclp proteins have been conserved
throughout eukaryotic evolution.

The conservation of Heclp function provided a useful tool
to explore in a simple unicellular organism the molecular
mechanisms by which hsHeclp functions. Our results suggest
that hsHeclp function is essential for cell viability and M-
phase progression. Its function is required during M phase,
since conditional hshec! mutations led to the mitotic delay,
accumulation of large-budded cells, and increased lethality
during M-phase arrest. Given the structural divergence that
exists between hsHeclp and scHeclp, it was unexpected that
the phenotypes of the mutants of these two proteins would be
almost identical. This observation, however, strongly suggests
that Hecl proteins are functionally very conserved from yeast
to human, and it is therefore feasible to study the in vivo
properties of a human protein in an organism as simple as the
budding yeast.

The chromosome missegregation resulting from mutated
hshecl may stem from a defect in the interaction between
hsHeclp and Smclp. The interaction between hsHeclp and
the second coiled-coil domain of the human SMCI1 protein was
originally indicated by yeast two-hybrid screening. Later, the
interaction of hsHeclp with yeast Smclp was also found to be
mediated by the corresponding region in this yeast homolog
(Fig. 5). The coiled-coil domains of SMC proteins have been
implicated in oligomerization or interaction with other pro-
teins (40). The SMCl1-type proteins, yeast Smclp and Xenopus
XSMC1, have been implicated in sister chromatid cohesion
(21, 24, 41, 45, 56). The association of hsHeclp or scHeclp
with Smclp might therefore link one of the functions of Heclp
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FIG. 6. Heclp interacts with Smc2p. (A) Domain mapping and temperature
sensitivity of the interaction between Heclp and Smc2p. The same constructs of
Heclp as used for Fig. 5 were used in yeast two-hybrid assays to test their binding
ability to yeast Smc2p expressed as a Gal4 TAD fusion protein. Binding ability
was tested at 25 or 37°C. Gal4-DBD, Gal4 DNA-binding domain; ND, not de-
termined. (B) In vivo interaction between Heclp and Smc2p. Equal amounts of
cell lysates from the log-phase culture of strain Y153 alone (lanes 1 to 3) or Y153
expressing TAD-Smc2p (lanes 4 to 6) were immunoprecipitated (IP) by the
antibodies indicated. The resultant immunocomplexes were separated by SDS-
PAGE followed by immunoblotting. The upper panel was blotted by polyclonal
anti-TAD antibodies, and the lower panel was stained by anti-scHeclp. Ig, im-
munoglobulin.

to the regulatory machinery controlling the process of chro-
matin assembly. At nonpermissive temperatures, the mutant
hshec1-113p fails to bind to Smclp, and this may cause a defect
in sister chromatid separation, leading to chromosome misseg-
regation. Consistently, a defect in sister chromatid cohesion
has been proposed as the cause leading to chromosome mis-
segregation. Our observation that overexpression of both yeast
and human Heclp can suppress the temperature sensitivity of
the smcl mutant suggests that increasing amounts of Hecl
proteins may augment their affinity for the mutant smclp and
help maintain the proper function of sister chromatid cohe-
sion. Thus, the interaction between Heclp and SMC1 protein
is essential for the physiological function of Heclp in chromo-
some segregation and cell viability.

Heclp is also associated with Smc2p in yeast. Several lines of
evidence have revealed the connection between sister chroma-
tid cohesion and chromosome condensation (21, 24, 56). A
subunit (Scclp/Mcd1p) of the Smcl-containing cohesion com-
plex is proposed to function as a linker molecule that connects
these two different chromatin-structuring activities on yeast
mitotic chromosomes (22). S. cerevisiae Trf4p, a protein re-
quired for rDNA condensation, interacts with both Smclp and
Smc2p (5), and a #rf4 mutant also exhibits a cohesion defect
(24). Like these proteins, Heclp may modulate both chroma-
tin-structuring activities through association with Smclp or
Smc2p.

The biochemical basis of how Heclp binds to Smclp or
Smc2p and participates in the activities of SMC proteins re-
mains to be elucidated. It has been suggested by the in vitro
activity of Xenopus condensins that SMC proteins may act as
motors facilitating formation of chromosome loops in an en-
ergy-dependent fashion (22, 24, 37). The ATP-binding ability
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and ATPase activities of SMC protein complexes are proposed
to provide them with motor energy and modulate their func-
tions. Interestingly, other hsHeclp-associated proteins such as
MSS1 and p45 of the 26S proteasome were also suggested to
have ATPase activities (4), and hsHeclp is able to down-reg-
ulate the in vitro ATPase activity of MSS1, the human Cim5p
homolog (9). Whether Heclp can modulate ATPase activities
of SMC proteins remains to be tested.

Besides a potential role in the modulation of sister chroma-
tid cohesion or chromosome condensation, a kinetochore func-
tion can not be excluded for Heclp in chromosome segrega-
tion since hsHeclp has been shown to localize to centromere
regions in mammalian cells during M phase (8). The pheno-
types of the mutant forms of both human Heclp (Fig. 3) and
the yeast Heclp homolog (61) are similar to those of ndc10-1,
a mutant form of a centromere-binding protein (18). The stain-
ing pattern observed for Heclp/Ndc80p in this study and that
previously reported by Wigge et al. (61) is reminiscent of the
staining of the spindle pole body and is consistent with cen-
tromere localization. Moreover, the staining of Ndc80p on
microtubules adjacent to the spindle pole body and along the
short spindle, an important characteristic observed with centro-
mere proteins including Ndc10p (18) and Cse4dp (44), was also
demonstrated in a previous report (50). A recent study sug-
gested that Heclp/Ndc80p interacts genetically with Ctf19p,
which is a centromere protein (32). The yeast Heclp/Ndc80p,
however, was initially purified from the spindle pole (61), sug-
gesting that Heclp/Ndc80p may also localize to the spindle
pole region. In addition, Heclp may be distributed among
other chromatin regions since cohesion and condensation oc-
cur at multiple places along the entire chromosome other than
the centromere.

The interaction between Heclp and SMC proteins may re-
flect a novel function for the SMC proteins. It is evident that
SMC proteins are involved not only in sister chromatid cohe-
sion or chromosome condensation but also in other activities
such as DNA replication, recombination, and repair (24, 35,
54, 56, 59). The chromatin assembly activities involved in the
cohesion and condensation processes that occur at the cen-
tromere have the potential to function in the structural remod-
eling of centromeric chromatin during mitosis. In higher
eukaryotes, the assembly of highly ordered centromeric chro-
matin structure is suggested to be essential for kinetochore
functions. In S. cerevisiae, specialized chromatin structures of
the centromeres also appear to be important for kinetochore

Vector
smcl-2  scHECI

hsHEC1

Vector

sme2-6  scHEcl

hs HEC1

Vector
scHEC1
hs HEC1

Wild-Type

FIG. 7. Suppression of ts phenotype of smcl or smc2 by overexpressing
hsHEC1 or scHECI. smcl-2, smc2-6, or wild-type cells were transformed by
hsHEC1 or scHECI in a GALI-inducible vector or by the vector alone. Different
dilutions of log-phase cells grown in 2% glucose at 25°C were inoculated on the
plates with 2% galactose and incubated at 25 or 37°C.
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assembly (60). Therefore, it is, possible that the interaction
between Heclp and SMC proteins is involved in the process of
centromeric chromatin assembly and modulation of kineto-
chore function.

Heclp may play multiple roles in M-phase progression since
it has been shown to associate with other proteins such as the
human homologs of Suglp/Cim3p, Cim5p, and NIMA. It has
been shown that Suglp/Cim3p, Cim5p, and NIMA are impor-
tant M-phase players because mutants of these proteins lead to
G,/M arrest (16, 46). Interestingly, the interactions between
Hecl proteins and their associated proteins appear to have
been conserved (Table 3). These interactions are likely to be
common modes for regulation of M-phase progression in all
eukaryotes.

Although hsHeclp may serve as a regulator of multiple
mitotic pathways, it is itself regulated by higher-level modula-
tors. The retinoblastoma protein Rb, as an hsHeclp-associated
protein, is likely to be one of these modulators. hsHeclp is not
the first protein linking Rb to M-phase progression. The asso-
ciation of Rb with mitosin/CENP-F (62), H-nuc/CDC27 (7),
and protein phosphatase la (13) has provided circumstantial
evidence that Rb has an important role in M-phase progres-
sion. The higher-level regulatory function that we propose for
Rb is less conserved in lower eukaryotes. First, no gene with
sequence similarity to Rb exists in the entire S. cerevisiae ge-
nome. Second, the specific I-C-E motifs found in hsHeclp se-
quences could well serve as Rb-binding domains (6). The pro-
tein sequence of either the budding or fission yeast homolog,
however, contains no I-C-E motif, consistent with the lack of
interaction between budding yeast Heclp and human Rb in the
yeast two-hybrid system (Table 3). The lack of Rb in yeast will
allow us to address Rb function by using yeast machinery as a
powerful assay tool, without interference from endogenous
Rb. The strain in which the scHECI gene has been replaced by
the hsHECI gene will be available for future studies of the in
vivo interaction between Rb and hsHeclp and the biological
consequences of such an interaction.
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